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NADPH oxidaseIn order to establish whether non-mitochondrial oxidase activity in human neutrophils is tightly related to
cytosolic Ca2+ concentration, we simultaneously measured Ca2+ oscillations induced by ATP and oxidant
production in single adherent neutrophils using confocal microscopy. ATP induced fast damped Ca2+ spikes
with a period of 15 s and slower irregular spikes with a period greater than 50 s. Spikes in Ca2+ occurred in the
absence of Ca2+ inﬂux, but the amplitude was damped by inhibition of Ca2+ inﬂux. Using the oxidation of
hydroethidine as a cytosolic marker of oxidant production, we show that the generation of reactive oxygen
species by neutrophils adherent to glass was accelerated by ATP. The step-up in NADPH oxidase activity
followed the ﬁrst elevation of cytosolic Ca2+ but, despite subsequent spikes in Ca2+ concentration, no
oscillations in oxidase activity could be detected. ATP induced spikes in Ca2+ in a very reproducible way and
we propose that the Ca2+ signal is an on-switch for oxidase activity, but the activity is apparently not directly
correlated with spiking activity in cytosolic Ca2+.n; DAG, diacyl glycerol; fMLP,
droethidine; HRP, horseradish
; PMA, phorbol-12-myristate-
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Neutrophils have a complex multimeric enzyme, NADPH oxidase,
which generates high amounts of superoxide when activated during
phagocytosis and, to a lesser extent, following cell adherence to a glass
surface or when the cell is challenged with a soluble stimulus such as
the chemotactic peptide N-formyl-L-methionyl-L-leucyl-L-phenylala-
nine (fMLP) [1–5]. Superoxide generation by NADPH oxidase can be
stimulated by an increase in the concentration of free Ca2+ in the
cytosol [3,4]. Ca2+ elevation leads to phosphorylation of NADPH
oxidase by PKC (protein kinase C) which is activated by Ca2+ and
diacylglycerol (DAG) [6–8].
Although not as robust as some other cells, cytosolic Ca2+
concentration ([Ca2+]cyt) of human neutrophils has been shown to
oscillate [9–11]. Adherent neutrophils show irregular spikes in [Ca2+]cyt
with a “period” of around 50 s occur during chemokinesis and
chemotaxis [9,10]. During phagocytosis and following fMLP stimulation
Ca2+ spikes with a period of 15–20 s have been observed [10,12,13]. Onthe other hand Petty et al. [14,15] reported that [Ca2+]cyt in adherent
neutrophils show sustained oscillations with a highly periodic pattern
with periods of 120, 20 or 10 s, which could be perturbed with fMLP or
glucose. The Ca2+ oscillations reported by Petty et al. [14–16] were
temporally and subcellularly co-localized with oscillations in NAD(P)H
level. This would require a fast activation and inactivation of NADPH
oxidase, which has not been observed before. The observations
therefore raised important questions about the on and off rates of
NADPH oxidase activity and the mechanism for this tight coupling
between Ca2+ concentration and oxidase activity.
In order to address this question, we have used a soluble stimulus,
ATP, to trigger damped Ca2+ oscillations, and correlated these with
oxidase activity in neutrophil populations and within individual cells.
Since the “oscillations”weobserve in our experiments arenot sinusoidal
like those reported by Petty et al. [14–16] and sometimes also irregular
we have decided to refer to them as Ca2+ spikes. Neutrophil sensing of
ATP gradients via the P2Y2 receptor and ADP via the A3 receptor are
crucial for direction sensing and migration speed [17]. The purinergic
receptor P2Y2 is a G-protein-coupled receptor, which when stimulated
by free (i.e., non-chelated) extracellular ATP, responds by Ca2+ release
following the classical route involving IP3 production and subsequent
release of Ca2+ from intracellular stores [18]. Neutrophils also posses
the P2X7 receptors which are ligand gated ion channels [18,19], that are
preferentially stimulated by 2′,3′-O-(4-benzoyl)benzoyl-ATP (BzATP)
and trigger a Ca2+ signal that activates the production of superoxide
[19]. Activation of the purinergic receptors is known to induce regular
Fig. 1. Ca2+ spikes in single neutrophils. Human neutrophils were loaded with the Ca2+
probe Fluo4. After the cells had adhered to the cover slip theywere stimulatedwith 2 mM
ATP. The signal from Fluo4 in a single neutrophilwas quantiﬁed and normalized according
to the initial signal (F0). (A) After stimulation with ATP an initial peak in [Ca2+]cyt is
induced and following that secondary peaks occurwith a period ofmore than 50 s. (B) The
primarypeak inCa2+ inducedbyATP is accompaniedby fast spikes inCa2+with aperiodof
approximately 15 s. Ca2+ bound Fluo4 was measured with excitation at 488 nm and
emission at 500–535 nm.
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with fMLP neutrophils secrete ATP, which is rapidly hydrolyzed to ADP
by extracellular ATPases [21]. ATP therefore represents a physiologically
relevant stimulus.
In this study we have simultaneously measured [Ca2+]cyt and
oxidase activity in single adherent neutrophils. We do not observe the
sustained periodic oscillations in [Ca2+]cyt reported by Petty et al.
[14,15]. However, when stimulated with ATP, [Ca2+]cyt in neutrophils
displayed spiking behaviorwith periods of 15 s andN50 s and therewas
an accompanying increase in oxidase activity. However, no spikes in
oxidase activitywere recorded despite clear damped spikes in [Ca2+]cyt.
This brings into question the tight temporal linkage between Ca2+
concentration and NADPH oxidase activity. The ﬁnding is consistent
with a slower intermediary step between the cytosolic free Ca2+ rise
and increases in NADPH oxidase activity mediated by, e.g., Ca2+
dependent phosphorylation of NADPH oxidase by PKC.
2. Materials and methods
2.1. Reagents
All reagents were purchased from Sigma-Aldrich (Munich,
Germany), except forhorseradishperoxidase (HRP) (Roche,Mannheim,
Germany), Lymphoprep (Nycomed, Norway), Wright-Giemsa assay
(Pharmacy, Odense University Hospital), and the ﬂuorescent probes
Amplex Red, 3,3′-dipentyloxacarbocyanine iodide (DiOC5(3)) and
ﬂuo4/AM that were obtained from Molecular Probes (Eugene, OR).
For the experiments in suspension the neutrophils were resus-
pended in a HEPES buffer that was made in house (130 mM NaCl,
5.0 mM NaHCO3, 4.6 mM KC1, 1 mM CaC12, buffered with 20 mM
HEPES and 1.1 mM KH2PO4, adjusted to pH 7.4 with 1 M NaOH).
For single cell experiments the neutrophils were resuspended in
Krebs medium (NaCl 120 mM, KCl, 4.9 mM KH2PO4, 1.2 mM MgSO4,
1.2 mM CaCl2, 1.3 mM, HEPES 25 mM and bovine serum albumin
(0.1%) adjusted to pH 7.4 with 1 M NaOH).
2.2. Neutrophil isolation
Neutrophils were isolated from a number of different donors using
the same procedure as previously [1,2]. In short, 8 to 10 ml of
peripheral blood (PB) was withdrawn from healthy donors giving
informed consent. Blood was anticoagulated by sodium heparin and
handled in plastic tubes. PB was depleted of erythrocytes using
dextran. The supernatant was laid on Lymphoprep. Following
centrifugation, the supernatant and the interphase were removed
and the pellet was resuspended in millipore water for lysis of
remaining erythrocytes. After 30 s, an equal amount of 1.8% NaCl was
added to stop lysis. The cells were washed twice using 0.9% NaCl and
resuspended in the ﬁnal buffer to a ﬁnal density of 106 cells/ml unless
otherwise indicated. If the cells were prepared for experiments with
single cells the step with Lymphoprep was omitted. For Ca2+
measurements the neutrophils were loaded with 1 μM ﬂuo4/AM for
30 min [22]. Following this all cells were stored on ice.
2.3. ROS measurements using luminol in suspension
H2O2 production was measured using luminol as described
previously [2]. Neutrophilswere incubated at 37 °Cwith 10 μMluminol,
0.1 μM NaN3 and 9 μg/ml HRP for 10 min before stimulation and then
added to a stirred 2 ml sample in a 1 cm×1 cm×4.5 cm quartz cuvette
which was maintained at 37 °C. The neutrophils were then stimulated
with 1 μM fMLP. The chemiluminescence was measured using a
Hamamatsu R7400U-03 detector (PMT) that was mounted in an
Edinburgh FS910 Spectroﬂuorometer (Edinburgh Instruments, Edin-
burgh, Scotland). For these measurements the spectrometer was
operated in dark-mode, i.e., with the lamp switched off.2.4. ROS estimation by amplex Red in suspension
H2O2 was measured using Amplex Red as previously described [2].
The neutrophils were incubated for 10 min at 37 °C with 50 μM
Amplex Red, 1 mM NaN3, 5.24 μg/ml HRP and transferred to a stirred
quartz cuvette. The cells were stimulated with 1 μM fMLP. The
ﬂuorescent product resoruﬁn was detected by ﬂuorescence with
excitation at 530/3 nm and emission at 590/3 nm.
2.5. ROS estimation by hydroethidine in suspension
The neutrophils were incubated for 10 min at 37 °C and trans-
ferred to a stirred quartz cuvette. 8 min prior to stimulation with 1 μM
fMLP, 10 μM hydroethidine (HE) was added. The ﬂuorescent product
hydroxyethidium was detected by ﬂuorescence with excitation at
520/3 nm and emission at 600/10 nm.
2.6. Ca2+ and ROS measurements in single cells
Neutrophils were imaged confocally simultaneously with a phase
contrast image on a Leica RS2 confocal microscope with 63× oil
objective [1]. Cytosolic ﬂuo4 was excited with a 488 nm laser and
emission was measured at 500–535 nm [23]. HE was added (20 μM)
at the onset of the experiment and the oxidized product hydro-
xyethidiumwas measured using excitation at 543 nm and emission at
600–700 nm [1]. The photoconversion of HE to hydroxyethidium was
performed as previously described [1] using a Hg lamp (100 W) and
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generation of hydroxyethdium was quantiﬁed by its binding to
nuclear DNA. Because of the irregular shape of the neutrophil nucleus
and the non-uniform distribution of DNA within it, the ﬂuorescence
intensity of hydroxyethidium-DNAwasmeasured from a small area of
the nucleus which remained within the measurement area through-
out the experiment. Binding of oxidized HE to nuclear DNA also
conﬁrmed that it was neutrophils and not other blood cells as the
multilobed nucleus is unique to neutrophils.
All experiments were performed at least three times and were
highly reproducible.3. Results
3.1. Spikes in [Ca2+]cyt in human neutrophils
The addition of ATP (1–2 mM) to single adherent neutrophils
evoked an initial rapid increase in [Ca2+]cyt followed by damped
spikes in Ca2+ which continued for at least 60 s (Fig. 1). The spikes in
Ca2+ had a period of 15.4±1.5 s and were damped such that only
3.25±1 cycles were detectable (Fig. 1B). The Ca2+ dynamics in
neutrophils varied between individual cells. Even neutrophils from
the same donor and within the same microscopic ﬁeld of view were
asynchronous. Besides the faster 15 s spikes, irregular slower Ca2+
spikes with periods of more than 50 s were also observed (Fig. 1A).
This period was similar to the spikes reported for migrating cells
[9,10,13]. However, we did not observe highly regular oscillations in
[Ca2+]cyt prior to stimulation which have been reported previously by
Petty et al. [14–16].Fig. 2. Ca2+ spikes when Ca2+ inﬂow is inhibited with Ni2+. Human neutrophils were
loaded with the Ca2+ probe Fluo4. Before the cells were stimulated with 2 mM ATP we
added 2 mM Ni2+ to inhibit Ca2+ inﬂux. The signal from Fluo4 in a single neutrophil
was quantiﬁed and normalized according to the initial signal (F0). (A) Following
stimulation with 2 mM ATP we observed a rise in [Ca2+]cyt (B) which was followed by
the fast spike in [Ca2+]cyt that had a period of approximately 15 s. Ca2+ bound Fluo4
was measured with excitation at 488 nm and emission at 500–535 nm.To investigatewhether the spikeswere driven by extracellular Ca2+,
we inhibited the inﬂux of Ca2+ using the non-speciﬁc Ca2+ channel
blocker Ni2+, which blocks all Ca2+ inﬂux in human neutrophils
[24–29]. The signal from ﬂuo4was lower after Ni2+ addition, indicating
that the inﬂux component of “resting Ca2+” equilibrium was inhibited.
However, following ATP stimulation, although reduced in amplitude,
Ca2+ spikes with a period of 15 s were observed in (Fig. 2B). We also
resuspended the neutrophils in a Ca2+ depleted buffer with EGTA.
Depletion of Ca2+ in the extracellular buffer cancelled all Ca2+ spikes
followingATP stimulation (data not shown),whichwepropose is due to
depletion of intracellular Ca2+ stores [30,31]. The timingmechanism for
the fast spikes was therefore not dependent on inﬂux of Ca2+. A similar
conclusion could be reached in the case of monocytes [20]. Hence, the
mechanism driving the fast spikes is likely to be due to oscillations in a
mechanism that regulates Ca2+ release and/or uptake in the intracel-
lular organelles.3.2. Kinetics of oxidase activity in neutrophils
In order to monitor neutrophil NADPH oxidase activity, HE was
used. This indicator has sufﬁcient sensitivity for single neutrophilFig. 3. Response time of HE. The dynamical range of HE was estimated by pulsing HE
loaded neutrophils with UV light in order to oxidize HE. The neutrophils were loaded
with 20 μM HE and oxidized HE was excited with a 543 nm laser and emission was
measured at 600–700 nm. (A) The neutrophils were pulsed with UV light with pulses of
4 s and the total oxidized HE product was quantiﬁed. (B) The change in HE oxidation
was computed numerically using the three point method. (C) The UV light intensity
was changed manually.
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ﬂuorescent product hydroxyethidium which binds to nuclear DNA
and becomes brightly ﬂuorescent [1,32,33]. The signals from oxidized
HE in cell populations were consistent with other recognized
indicators of oxidase activation including Amplex Red and luminol
(data not shown). To conﬁrm that HE is sensitive enough to measure
fast oscillations in single adhered neutrophils we simulated the
formation of pulsed superoxide production. We pulsed the neutro-
phils with UV light, which is known to oxidize HE in a process that is
dependent on oxygen [1,34]. We found that changes in ﬂuorescence
from oxidized HE followed the UV light pulses (Fig. 3) and that pulses
of UV light with a period of 5 s and more could be detected. The
oxidation of HE appears as a damped oscillations and the amplitude of
these oscillations can be used as a measure of the sensitivity of the
method. The smallest accumulations are clearly visible and our
differentiation method can easily detect each oscillation. As all the
different oxidase indicators gave similar estimates of the response,
and the time response experiment showed sufﬁcient time resolution
(Fig. 3) it was concluded that HE was a suitable indicator to use at the
individual cell level.
There was a detectable background rate of oxidation of HE in
resting adherent neutrophils (Fig. 4A, B; Fig. 5) suggesting a low
activation level of the NADPH oxidase. This has also been observed
when using rhodamine 123 as an indicator of NADPH oxidase [5]. By
imaging the ﬂuorescence generated, it was evident that the oxidized
form of HE binds to nuclear DNA, revealing the characteristic
multilobed nuclear shapes of human neutrophils (Fig. 4C). Surpris-
ingly, this nuclear pattern of ﬂuorescence was not reported by Petty
et al. in their experiments usingHE [14–16]. Inorder todirectly compare
experiments on different cells, HE was photoconverted to hydroxyethi-
diumwithUV-photo-oxidation [1] to give amaximumachievable signalC
A
B
Fig. 4. ROS production by single neutrophils. Fluorescence from oxidized hydroethidine (HE)
intensity from oxidized HE in the cells is shown in (A) and (B). 10 μMHE was added to the ce
(C) Neutrophils from three different time points are visualized using bright ﬁeld and the ﬂuo
was measured at 600–700 nm.for each cell. The increase in signal also demonstrated that HE was in
excesses and that the physiological signal was not limited by the
indicator availability. The rate of rise in HE signal increased 4-fold after
addition of phorbol 12-myristate 13-acetate (PMA), a powerful
activator of NADPH oxidase [35], showing that the methodology was
adequate for monitoring oxidase activity at the single neutrophil level.
HE can be oxidized by other intracellular compounds than superoxide
and hence it has been suggested that superoxide production should be
quantiﬁed using HPLC in order to discriminate between different
oxidized forms of HE [36]. However, HPLC is an invasive method with a
low time resolution and for that reason impossible to imploy on single
cell studies.
3.3. Ca2+ stimulates NADPH oxidase activity
Simultaneous Ca2+ and oxidase monitoring showed that ATP (1–
2 mM) induced an increase in Ca2+ (Fig. 5A), which was followed
after 64±24 s by an increase in the rate of HE oxidation (Fig. 5B),
indicating an increase in NADPH oxidase activity. The time delay from
the peak in [Ca2+]cyt until the onset of the increased rate in HE
oxidation is unlikely to be due to the time required for the oxidized
product of HE to bind to DNA before the ﬂuorescence increase, since
the response time of HE for neutrophils in suspension was within the
same range as the other indicators that do not require nuclear binding
and because the UV-light experiment also veriﬁed the high time
resolution of this method (Fig. 3). It is therefore unlikely that there
was an intrinsic lag in detection, and the delay may therefore reﬂect a
true lag in oxidase response from adherent neutrophils. Differentia-
tion of the accumulated ﬂuorescent signal did not reveal any spike
above the noise level of the signal (data not shown). Therefore, if any
such spikes occurred they must be very small.Cell 1
Cell 2
Time 60 s
Cell 1
Cell 2
Time 60 s
Cell 1
Cell 2
Time 120 s
Cell 1
Cell 2
Time 120 s
Cell 1
Cell 2
Time 140 s
Cell 1
Cell 2
Time 140 s
bound to DNA in single neutrophils was measured using confocal microscopy. The total
lls as indicated by the arrows and following that 100 nM PMA was added (see arrows).
rescence from oxidized HE. Oxidized HE was excited with a 543 nm laser and emission
Fig. 5. Ca2+ spikes and superoxide production. Human neutrophils were loaded with
the Ca2+ probe Fluo4. After the cells had adhered hydroethidine (HE) was added and
production of reactive oxygen species (ROS) was measured according to oxidation of
HE. Following that the cells were stimulated with 2 mMATP. The signals from Fluo4 and
oxidized HE in a single neutrophil were quantiﬁed and normalized according to the
initial signal (F0). (A) Following stimulation with ATP an initial Ca2+ peak was induced.
The insert highlights the damped spikes. (B) The rate of ROS production increased
following the increase in Ca2+ concentrations. The rates are shown with the dotted
lines. Oxidized HE and Ca2+ to bound Fluo4 were measured as in Figs. 1, 2 and 4.
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1.86-fold increase in the rate of HE oxidation. The oxidation of HE
continued at a constant rate through both the Ca2+ spike peaks and
troughs, indicating that the fast Ca2+ spikes (period 15 s) had no effect
on the slower dynamics of NADPH oxidase activity.
4. Discussion
We have shown that bulk [Ca2+]cyt shows damped spikes in single
adhered neutrophils when stimulated with ATP. The spikes showed
no conventional Ca2+ waves or localized rotating peripheral waves,
dubbed z-waves [28,37] which have been reported by Petty et al. [38].
Since our work was performed, some of the reports of z-waves have
been retracted [39,40]. The global damped Ca2+ spikes, which we
observed had a period of 15 s and co-exist with slower irregular spikes
that have a period of more than 50 s. The magnitude of the increase in
[Ca2+]cyt was partially dependent on the inﬂux of Ca2+ from the
extracellular space, but the period between spikes was independent of
Ca2+ inﬂux as judged from Ca2+ inﬂux blockage by Ni2+. We found
that ATP stimulates oscillating elevations of cytosolic Ca2+ concen-
tration in neutrophils but that the accompanying NADPH oxidase
activity was without spikes and was delayed by about 60 s.
NADPH oxidase is known to be present in both internal phago-
some membranes and in the plasma membrane. In the experiments
with ATP stimulation, there are no phagosomes so oxidase will be
activated throughout the plasma membrane [41]. When activated,
NADPH oxidase catalyzes the oxidation of NADPH to NADP+ in the
cytosol and the reduction of oxygen to superoxide on the transmem-brane side. NADPH oxidase is activated by phosphorylation of
p47phox by the Ca2+ and DAG activated enzyme, PKC [4,8]. Cytosolic
Ca2+ is elevated in an oscillating manner in the neutrophil following
binding of ATP to its receptor due both to the release of Ca2+ from
intracellular stores and inﬂux of Ca2+ from the extracellular environ-
ment. Here we have shown that the mechanism behind the spikes in
[Ca2+]cyt is due to an intrinsicmechanismmainly related toCa2+ release
from intracellular stores. This is similar to themechanism that regulates
Ca2+ oscillations in other mammalian cells [42–44]. However, neutro-
phils in suspension, i.e., not adhered show spikes in shape and/or size
together with oscillations in hydrogen peroxide production. Those
oscillations have a period of only 8 s and are independent of Ca2+, and
Ca2+ remains constant during the oscillations [2,45]. Instead the fast
oscillations of 8 s are regulated by the signal transduction system that
controls cell polarization, cellmigration andNADPHoxidase activity [2].
Hence, thismechanism is different from that controlling the Ca2+ spikes
observed here, and it raises the question of multiple frequency
oscillations in human neutrophils. Such multiple frequency oscillations
have been observed in other mammalian cells [46] and are sometimes
regular and other times irregular. Although we did not observe spikes
with a period of 8 s, we cannot exclude that both types of oscillations
coexist, and thus add another layer of complexity to the regulation and
control of the cell signalling in neutrophils.
Activation of neutrophils involves activation of several enzymes
and pathways including NADPH oxidase [4], pentose phosphate
pathway [4,47] and structural changes of the surface [48]. Many of
these enzymes are controlled by Ca2+, e.g., PKC [4], the unwrinkling of
the surface [48] and other pathways. It is therefore possible that Ca2+
can exert an effect on NADPH oxidase by regulating the system on
multiple levels. The effect of Ca2+ on NADPH oxidase activity is
known in details and because these measurements often are made on
whole cells it cannot be ruled out that the measured activity is a
combination of activation of multiple pathways.
Previously Petty and co-workers reported that Ca2+, NADPH and
production of reactive oxygen species oscillate with periods of 120, 20
and 10 s and that there was a direct spatial and temporal linkage
between the Ca2+ spikes and NADPH oscillations and the generation
of extracellular oxidants. They reported waves of elevated NADPH
through the cytosol, which corresponded to the timing and sites of
increased oxidase activity [14,49]. In contrast, we were unable to ﬁnd
a simple correlation between the concentration of cytosolic Ca2+ and
oxidase activity during Ca2+ spikes. The respiratory burst oscillations
that neutrophils show in suspension are also independent of Ca2+
spikes [2,45].
We found in single adhered neutrophils that the oxidase activitywas
accelerated after an elevation in [Ca2+]cyt and thereafter it remained
activated at a constant level. The rate in NADPH oxidase activity
increased following a delay of 64 s from the addition of ATP.
Nevertheless, despite spikes in cytosolic Ca2+, we failed to observe
oscillations in NADPHoxidase activity. This suggests that an elevation in
Ca2+ turns on the NADPH oxidase but that the individual Ca2+ spikes
had no measurable effect. Modelling studies have shown that spikes in
[Ca2+]cyt can activate proteins in a nonlinearmode that depends on the
afﬁnity of the proteins for Ca2+[44,50].
NADPHoxidase is a complexprotein that consistsof several subunits.
Following stimulation, phosphorylation of p47phox by activated PKC
occurs and p47phox and the other subunits are assembled into an active
enzyme. The phosphorylated NADPH oxidase is a target for continuous
dephosphorylation which resets the enzyme to an inactive state which
can subsequently be reactivated by subsequent phosphorylation [4].
However, it is likely that the effect of spikes in Ca2+ on NADPH oxidase
activitywill be signiﬁcantly dampedor smoothedoutbecause the rate of
dephosporylation is likely to be much slower than the rate at which
cytosolic free Ca2+ concentration falls at each Ca2+ spike. This effect can
be seen when a single transient Ca2+ signal of 20–60 s (e.g., stimulated
by fMLP) stimulates a sustained burst of oxidase activity. Under these
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onset of NADPH activity is slower when neutrophils are stimulated
with a Ca2+ ionophore, the delay being 10–60 s from the initial rise in
[Ca2+]cyt and until NADPH oxidase is fully active [4,51,52].We observed
a similar time delay with ATP, there being approximately 60 s from the
Ca2+ signal to the increase in NADPHoxidase activity. Although ATP has
been shown to induce spikes in [Ca2+]cyt in many other different cell
types [20,53], the current paper is the ﬁrst report of ATP-induced spikes
in [Ca2+]cyt in neutrophils. Here we have shown that the Ca2+ spikes
with a period of 15 s are independent of the Ca2+ inﬂux and hence are
dependent on the release and/or uptake of Ca2+ from intracellular
stores. Most of the Ca2+ spikes that have been observed in various cells
depend on the release of Ca2+ from intracellular stores and many
different regulatory mechanisms have been proposed [42–44]. It is
noteworthy that spikes in Ca2+ in neutrophils with a similar period also
have been observed during phagocytosis and in a few cases following
fMLP stimulation [10,12,13]. Hence it is likely that the Ca2+ spikes have
a physiological function.
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